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A.  FOREWORD 


Noise  and  vibration  pose  a  major  problem  in  the  .  113  vehicle.  The 
reduction  of  noise  arid  wear  obtained  in  the  :‘b~  medium  tank  by  using  thr 
Impact  absorption  sprocket  test  Interested  F.  Z  in  it-;  application  for  the 
Ml  13.  When  these  sprockets  were  installed,  -  r .  r.  joklitsch  was  invited  to 
attend  vehicle  testing  for  both  versions:  standard  and  impact  absorption 
sprockets.  He  participated  In  rides  and  0!  served  t!.r  testing  of  the  sprocket 
and  track  test  rig.  He  also  had  trie  opportunity  to  participate  in  the  dis¬ 
cussion  of  current  problems  of  track  drive,  recent  test  results  and  some 
approaches  to  solutions  for  existing  noise  and  vibration  problems. 

The  Impact  absorption  sprockets  showed  substantial  reauction  of  noise  near 
the  sprocket,  but  at  other  locations  their  performance  in  this  regard  was 
strongly  affected  by  other  influences.  \  preliminary  analysis  of  available 
measurements  shows  that  a  careful  control  of  a  number  of  strongly  influenclal 
sources  of  sound  level  and  vibrations  in  the  vehicle  is  indispensable  to  achieve 
the  full  benefit  of  flexible  elements  in  the  track  drive  for  noise  and  vibration 
control . 

The  following  report  is  based  on  available  test  data  to  analyze  the  nature 
and  variety  of  the  many  suspected  sources  of  noise  and  vibration  in  the  vehicle. 
It  ranges  from  design  dimensions  and  features,  to  operational  parameters.  This 
creates  the  complex  picture  of  sound  and  vibration  i/hose  present  excessive  level 
we  witnessed  in  the  K 1 13*  It  is  presented  as  an  analysis  of  a  disturbing  and 
irritating  behavior  in  the  Ml  13. 

Noise  and  vibration  control  should  be  considered  in  the  design  stage  when 
it  can  be  accomplished  most  efficiently  and  economically.  Little  indications 
are  available  at  the  present  time  as  to  where  and  how  adjustments  in  dimensions 
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of  components  may  influence  auditory  and  vibrational  behavior  of  military  veh¬ 
icles.  Application  of  light  metal?  might  have  some  influence  on  the  level 
also.  The  Ml  13  provides  an  excellent  object  of  studies  to  investigate  the 
origins  of  and  to  increase  know-hot;  for  control  of  noise  and  vibration  in  a 
military  tracked  vehicle. 

Although  the  intnediate  identification  of  the  noise  and  vibration  sources 
might  be  difficult,  it  is,  however,  most  essential  for  improvement  of  the  new 
armored  infantry  carrier  or  other  vehicles. 


3 


&.  CES.-k'.'ATic;:  -  ‘)j  cr.;:ciL-rio?.T 

The  obser  vj  t  i  o.,5  and  conclusions  A  i  and  2,  vere  made  during  the  tests  on 
tne  1 3th  and  2b tk  jr  f<  nar/,  1 964  at  the  FV.C  Corporation  in  San  Jose, 

Ca I i f ornia : 

1.  Track  and  sprocket  test  rig  (motorized  track  simulation) 

a.  C  ons lot-rub  le  noise  was  observed  when  the  speed  of  the  freely 
rotating  track  was  increased  to  appr ox imate  1  y  450  rpm  (corresponding  to  .30  mph 
of  vehicle  speed) 

b.  At  shut-off  before  complete  stop,  a  few  (2-3)  hard  metallic 
blows  were  heard  which  seem  to  originate  from  the  sprocket  teeth. 

c.  It  was  impossible  to  pull  the  track  by  hand  over  the  corners 
of  the  rubber  polygon  tire  of  the  sprocket.  The  sprocket  bounced  back  when 
released,  artd  therefore,  Induced  investigation  of  the  sprocket  teeth  surfaces. 

It  could  be  observed  that  the  rear  surfaces  showed  metallic  contact  also.  Thus, 
it  can  be  concluded  that  th  j  rubber  polygon  created  a  spring  system  wrich  may 
contribute  to  resonance  resulting  In  a  movement  of  the  track  end-connectors 

back  and  forth  between  the  sprocket  teeth  and  thus  originating  the  hard  hammering 
b 1 ows . 

2.  Rides  in  the  Ml  13  vehicle  on  the  tpst  track  hard  surface  level 

r  oad: 

a.  At  reasonably  high  speed  excessive  noise  was  encountered. 

b.  At  a  Certain  noise  level,  a  deep,  strong  sound  suddenly 
appeared  which  was  easily  discernable  in  spite  of  defeilning  noise  in  the  crew 
compartment,  and  the  threshold  of  discomfort  was  reached.  The  sensation  was 
irritating  but  disappeared  when  the  ears  '/ere  covered.  It  is  assumed  that  this 
sound  originated  at  approximately  25  to  30  mph. 
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c.  Origin  and  location  of  the  deep  sound  was  not  discovered 
Since  the  r  ide  was  made  without  instruments. 

d.  There  are  several  structural  members  in  the  crew  compartment 
subject  to  strong  vibrations:  the  torsions  bars,  the  support  on  the  back  of 
the  crew  seats,  the  rods  to  close  the  rear  door,  etc.  One  of  these,  or  other 
vibrating  items,  may  be  a  source  for  resonance  and,  therefore,  the  origin  of 
the  high  noise  level  in  the  compartment. 

3.  Results  of  the  analysis; 

a.  There  are  several  frequency  ranges  which  require  special 
attention  designated  in  figures  19  and  following  by: 

(1)  Upper  region  of  'J  (vibrations) 

(2)  Region  A  (deep  audible  noises) 

(3)  Lower  region  of  0  ( I ower  medium  audible  range) 

b.  In  the  vehicle  speed  range  from  I?  to  JC  mph  the  track  shoe 
motion  produces  a  sequence  of  impulses  which  correspond  mainly  to  the  frequency 
region  of  A  and  lower  3. 

c.  It  results  from  previous  measurements  that  vibrations  of  the 
hull  were  substantial ly  decreased  by  reducing  the  track  pitch  dimensions  from 
6  to  4.5  inches,  as  the  tests  show  in  Table  1. 


TABLE  1 


Companion  of  Vibration  Loads  Between  6  and  4.5  Inch  Pitch  Track  Show 


mmm'i  i.a.uoam  v  i  :m<u.maamm 

PITCH 

Til  111  r  JJPDil— 1 

ID 

IHfcldH 

28 

”52 

i  — *  w  rm— i 

A.  right  front 

.98 

1.68 

1.86 

3.23 

6 

(lifting  ayo) 

a 

\Tt 

CD 

1.39 

1.54 

1.72 

4.5 

B.  right  rear 

2.61 

2.08 

7.18 

7.07 

6 

(lifting  aya) 

1.32 

0.5 

1.33 

2.57 

4.5 

C.  right  tponaon 

6.05 

5.79 

17.4 

23.6 

6 

(outer  edge) 

2.43 

6.18 

tm 

11.7 

4.5 

TRANSVERSE 

■j 

— 

0.  right  rear 

3.02 

6.67 

9.10 

6 

(fual  accessory 

iKi 

cover) 

1.15 

■  i 

3.75 

6.89 

4.5 

average  Ratio  of  increase 

A. 

lr69 

1.19 

1.21 

1.88 

B. 

1,98 

4.2 

5.4 

2.83 

c. 

2.50 

0.93 

2.25 

2.02 

0. 

2.62 

2.33 

1.78 

1.32 

AVERAGE,  OVERALL 

2.2 

2.16 

2,66 

2.01 

TOTAL  AVERAGE 

2. 

26 

The  overall  average  for  the  6  Inch  pitch  track  1$,  therefore, 
approximately  2.26  tlnaa  higher  than  for  tho  4£  Inch  pitch  track. 


iReroarks:  The  reconmendati  ons  i.iarked  by  an  asterik  worn  made  durir,b 
the  visit  at  F/lC,  San  Jose,  California) 

*1 ,  Installation  of  an  elastic  rear  idler  permitting  radial  displaccmr.nt 
of  rim  in  relationship  to  hub  (Sketch  of  concept:  See  rig.  1). 

*2.  Test  of  circular  sprocket  tire  (replacing  the  polygonal)  for  compar¬ 
ative  investigation  of  vibrations  which  might  be  created  by  the  polygon  tires. 

*3.  Variation  of  durometer  values  for  the  rubber  inserts  of  sprockets 
and  idlers  (range  proposed  from  40  to  70). 

*4.  Establishment  of  the  noise  level  of  the  vehicle  during  operation  at 
2  mph  increments  from  standstill  up  to  37  mph  to  establish  potential  existance 
of  conditions  of  resonance.  Pick-up  at  the  left  and  right  sprockets,  the 
drivers  seat  and  the  cargo  area. 

*5.  Identification  of  the  frequency  level  of  the  deep  sound  observed  at 
29  to  31  mph  in  the  vehicle  cargo  area  and  simultaneously  experienced  threshold 
of  discomfort.  After  this  frequency  is  established,  checking  of  the  frequr.ncie 
of  vibrating  items  in  the  crew  and  driver  compartment  to  identify  a  potential 
source  of  this  irritating  deep  sound. 

*6.  Three-dimensional  (vertical,  longitudinal  and  transverse)  represen¬ 
tation  of  response  of  rear  idler  assembly  to  forced  vibration  of  Ml  13  vehicle 
based  on  the  test  results  of  9  August  19M  (Report  CRD  67-3,  p . 2 }  to  show 
orientation  of  vehicle  acceleration  in  space. 

*7.  Investigation  of  the  surface  of  the  sprocket  teeth  (front  and  rrar- 
to  prove  the  existance  of  a  hammering  movement  of  the  end  connectors  between  th 
pairs  of  teeth. 

*8.  Taking  of  motion  pictures  of  the  behavior  of  the  tracks  (left  and 
right)  to  establish  the  potential  existance  and  kinds  of  standing  waves  in  the 


tracks-  Since  length  and  weight  of  the  trades  are  different.,  both  sides 
should  be  investigated. 

9.  Establishment  of  the  natural  frequency  of  the  right  and  left  track. 

10.  Oeterminati on  of  the  influence  of  the  sag  of  the  tracks  on  the  natural 
frequency.. 

11.  Establishment  of  the  natural  frequencies  (fundamental  harmonics)  for 
the  following  components  of  the  vehicle  or  the  test  equipment: 

a.  Engine 

b.  Track,  frequency  of  engagement  or  disengagement  of  track  shoes 

c.  Track  test  rig 

d.  Fan 

e.  In  the  crew  compartment: 

(1)  Back  support  of  crew  seats 

(2)  Torsi  on  bars 

(3)  Reds  to  close  the  back  door 

12.  Determination  of  the  relevant  frequencies  when  investigating  acceler¬ 
ations  and  amplitudes  of  vibrations.  Identification  of  sources. 

13.  Inclusion  of  subsonic  region  into  investigation  of  acoustic  and 
vibrational  behavior. 

14.  Optimization  of  operating  conditions  of  impact  absorption  sprockets  b; 
variation  of  durometer  hardness  and  thickness  of  inserts.  Identification  and 
reduction  of  eliminati on' of  impairing  influences  inside  the  vehicle  on  the 
reduced  sprocket  noise  levels. 

15.  Adjustment  to  flexible  inserts  at  sprocket  and  idler. 

16.  Emphasize  investigation  of  vibration  amplitudes  in  frequency  regions 
V  and  A. 
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0.  INFLUENCES  ON  THE  NOISE  IN TENS  I TV  OF  THE  Mil  3 


i  r,/ 

i  yuj 


versus  ire'iuenty  cino 


vehicle  speed  at  the  three  locations:  Near  left  sprocket,  near  driver  and 
In  cargo  area  were  analyred  to  Investigate  the  effectiveness  of  the  use  of 
iapact  absorption  sprockets  for  reduction  of  noise  (see  Attachment  #1). 

The  noise  level  for  constant  frequency  levels  was  plotted  versus  vehicle 
speed  as  shown  in  the  figures: 

a.  Nr .  2  through  4  (near  sprocket) 

b.  Nr.  5  through  ?  (near  driver) 

c.  Nr.  8  through  10  (in  cargo  area) 

In  a  simplified  form,  the  noise  level  i  can  be  presented  as  follows: 

i  =  10  +  V,  tenCt  (1) 

where  i  is  the  noise  level  (db)  at  the  vehicle  speed  V  (mph): 

i0  =  is  the  noise  level  extrapolated 
for  V  =  0  mph  (Standing  vehicle) 

tan  ct  =  is  the  slope  of  the  increase  of  i 
versus  vehicle  speed  V 

=  f30  -  o 
3C 

This  approach  is  supported  by  the  shape  of  the  curves  in  Fig.  3  (for 
425,  850  and  1700  cps  for  the  impact  absorption  sprockets),  in  Fig.  3  for  425  cps 
and  in  Fig,  4  for  6800  cps  it  Is  valid  also  for  the  standard  sprockets.  At 
lower  frequencies,  some  deviations  become  apparent  which  may  be  caused  by  over¬ 
riding  influences. 

There  are  some  differences  in  the  manner  by  which  the  vehicle  speed  effects 
Intensity  and  frequency  of  noise  at  the  various  investigated  locations  on  the 
vehicle.  Although  the  general  pattern  expressed  by  equation  (1)  is  valid,  there 
is  an  obvious  indirect  influence  of  the  speed  on  the  noise.  Another  influence 
Is  the  type  of  sprocket  installed. 
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In  o rcler  to  show  the  variation  in  trend  and  level  of  the  noise,  the 
changes  of  the  initial  noise  level  i0  (as  extrapolated  for  7=0  mph )  and  the 
increment  /z.  '  with  increasing  vehicle  speed  are  snot-w  in  the  following 
f  i  gui  es : 

a.  Ti'jS.  il  to  13  (•’late  of  noise  intensity  near  sprocket) 

b.  rig.  14  (katc  of  noise  intensity  near  driver) 

c.  Figs.  13  to  17  (hate  of  noise  intensity  in  cargo  area)  I 

1 

1 .  Hear  oc.<et  1 

Tlie  noise  level  is  shown  versus  vehicle  speed  in  Fig.  2  to  4  and 

the  result  of  analysis  versus  frequency  in  Fig.  11  far  the  standard  sprocket, 
and  in  Fig.  12  for  the  impact  absorption  sprocket.  An  obvious  reduction  in 
noise  intensity  was  obtained  by  the  flexible  sprockets. 

The  initial  noise  level  iQ  for  a  standing  vehicle  -  identical  in 
slope  for  both  sprockets  but  differs  in  level  in  favor  the  impact  absorption 
sprocket  (Fig.  13). 

The  rate  of  the  noise  level  A i  shows  an  increasing  difference  for 
higher  frequencies. 

All  figures  for  the  low  region  of  octave  bands  53  and  106  cps  i.c. 

Figs.  2,  5  and  0  show  a  superposed  disturbance  at  the  lower  vehicle  speed.  The 
same  phenomenon  will  be  found  in  the  discussion  of  the  vibrational  behavior  of 
the  vehicle. 

2.  Icaar  Driver 

Figs.  5  to  7  show  the  behavior  of  the  noise  versus  vehicle  speed  near 
the  driver  for  both  sprockets  and  Fig.  14  gives  the  comparison. 

Comparing  wi _h  Fig.  13,  it  becomes  evident  that  level  and  trend  of 
the  initial  noise  level  i0  as  well  as  of  the  rate  of  increase 
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A  <  = 

is  different  from  the  s  i  tud  t  j  on  noa  r  the  sprocket  and  from  thot  in  the  cargo 

area. 

Ill  the  frequency  range  up  to  1000  cps  the  rate  of  noise  A  i  is  higher 
for  the  impact  absorption  sprocket  but  beyond  1C00  cps  it  is  identical  for  both 
types.  The  initial  noise  i0  for  a  standing  vehicle  shows  a  stronger  decrease 
in  the  higher  frequency  range  as  compared  to  near  the  sprocket  or  the  cargo 
area.  The  standard  sprocket  shows  an  evident  change  in  slope  at  1000  cps,  but 
the  numerical  difference  in  the  order  of  magnitude  is  rather  small. 

3.  Cargo  Area 

Figs.  8  to  10  show  level  and  trend  of  these  values  for  the  two  types 
of  sprockets.  In  both  cases,  there  is  a  slight  reduction  of  the  initial  noise 
level  iQ  and  the  rate  of  increase  A  i  with  increasing  frequency  f  (Figs.  If)  md 
16).  A  comparison  between  standard  and  impact  absorption  sprockets  is  shown 
in  Fig.  17. 

The  rate  of  increase  with  increasing  vehicle  speed  is  nearly  the  same 
for  both  sprockets.  Although  the  initial  noise  level  Car  a  standing  vehicle  shows 
lower  values,  the  slope  is  identical  for  the  impact  absorption  sprocket.  The 
increment  of  noise  by  the  vehicle  speed  shows  a  divergent  behavior:  it  is  decreas¬ 
ing  from  a  higher  level  for  the  impact  absorption  sprocket  and  increasing  for  the 
standard  sprocket  versus  frequency. 
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E.  ANALYSIS  OF  VEHICLE  LOUDNESS 


The  perceived  subjective  sensation  on  the  ear  is  not  expressed  by  the 
intensity  level  (decioel)  but  by  the  loudness  level  (phon)  or  the  loudness 
proper  (sone)  respectively.  While  the  intensity  level  by  its  definition  is 
based  on  a  logarithmic  scale,  the  loudness  is  based  on  a  linear  scale  and, 
hence,  makes  comparison  easier. 

The  rate  of  loudness  (sone  per  decibel)  varies  in  wide  limits  with  the 
decibel  level  (See  Fig.  18). 

In  Figs.  19  through  23  the  decibel  readings  from  the  test  results  shown 
in  Attachment  Nr,  1  were  converted  into  loudness  sones.  This  presentation 
provides  o  more  realistic  picture  of  the  acoustic  situation  and  the  present 
accomplishment  in  noise  attenuation  in  the  MI13. 

For  example,,  in  the  lower  regions  A  and  R,  the  sound  intensity  for  53  and 
106  cps  a'c  23  nph  near  the  sprocket  was  113  and  120  decibel  respectively. 

When  converted  into  loudness  which  is  in  reality  acting  upon  the  human  hearing, 
the  corresponding  readings  are  242  and  263  sones  respectivel y. 

Expression  in  sones  which  are  not  based  on  a  logarithmic  scale  've  also 
an  immediate  possibility  in  comparison  of  th-  attenuation  ability  of  the  impact 
absorption  sprocket. 

Applying  the  experience  in  the  analysis  of  n^js:-  phenomena  in  airplane 
(See  Chapter  I  )  the  presented  frequency  range  in  Figs.  19  to  23  was  subdivided 
into  characteristic  regions  designated  by  the  kind  of  perception; 


a . 

Subsonic  range 

f  - 

to  16 

cps 

b. 

Sonic  range 

f  = 

i6  to  20D0C 

cp- 

c. 

Ultrasonic  range 

F  - 

over  2  *;Q  *)0 

epo 

These  ranges  are  subdivided  into  the  following  regions  which  seem  to  be 
indicative  for  the  source  of  sensation: 

V  =  up  to  30  cps  (Vibrational  region) 

A  =  3a  to  73  cps  (Low  sonic  region) 

B  =  75  to  60C  cps  (Lower  medium  sonic  region) 

C  =  COG  to  ^  JO  cps  (Higher  r.iediuu  sonic  region) 

D  =  4C0G  to  20000  cps  (High  sonic  region) 

The  regions  A  through  0  are  important  for  sound  and  noise,  the  V  -  range 
is  significant  for  the  vibrational  sensations  in  the  vehicle. 

Permissible  levels  of  noise  intensity  are  given  for  the  sonic  range  for 
wheeled  and  tracked  vehicles  in  decibels,  which  differ  substantially  in  mag¬ 
nitude  (Fig.  2k  curves  Bj,  Bj  and  C). 

For  the  region  V,  permissible  levels  of  vibration  amplitudes  also  have 
been  established  (Curve  D.}.  Acceptable  acceleration  levels  are  specific  in 
their  relationship  between  vertical,  longitudinal  and  transverse  vibrations. 

This  will  Le  treated  in  later  chapters. 

In  Fig.  2k,  the  loudness  in  sones  is  reported  with  the  loudness  levels  in 
phones  as  a  parameter  (90,  100,  110  and  120  phons).  The  threshold  of  discomfort 
at  120  phons  is  shown  by  Curve  A.  The  decibel  reading  at  1000  cps  are  numerically 
identical  with  the  ph on  readings.  In  the  same  graph  the  noise  limits  recommend¬ 
ed  by  HEL  (Human  Engineering  Laboratory  of  APG )  are  reported  for  tracked  vehicles 
(Curves  and  B^)  and  for  wheeled  vehicles  C.  Bj  values  apply  when  a  pure 
sound  exists.  This  is  the  case  in  the  Ml  13  in  the  cargo  area  at  a  speed  of  28  mph 
and  above. 

The  attenuation  of  noise  by  the  use  of  the  impact  absorption  sprockets  in 

comparison  to  standard  sprockets  is  shown  in  Fig.  25.  It  is  of  the  order  of  10 
to  60%  in  the  tested  frequency  range. 
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F,  INFLUENCE  CF  THE  IMPACT  ABSORPTION  SPROCKETS  ON  NOISE  LEVEL 


The  influence  of  the  impact  absorption  sprockets  on  the  noise  level  was 
inconsistent,  fleer  the  sprocket,  o  substantial  reduction  of  the  noise  in 
comparison  to  standard  sprockets  could  be  noted  within  a  considerable  range 
of  the  vehicle  speed. 

Inside  tiie  vehicle,  this  reduction  was  over  shad owed  by  other  still  un¬ 
known  influences  which  adversely  affected  the  reduction  of  noise  at  the  sprockets 
and  reversed  it  even  slightly  to  some  extent  in  the  high  speed  range  for  25  to 
30  i;;ph  (Table  2). 

TABLE  2 


deduction  of  f'oise 

Vehicle  Speed  (mph)  for  change  of  Noise 
Experienced 

.’fear  Sprocket 

At  Driver's 
Seat 

In  Cargo 

Area 

Substantial 

at  15  mph 

at  2C  mph 

at  28  mph 

mm 

at  25  mph 

23  mph 

30  mph 

at  15  mph 

If  one 

at  15  mph 

at  20  mph 

Slight  increase  of 

Noi  se 

at  25  mph 

30  mph 

at  25  mph 

30  mph 

It  is  interesting  to  note  also,  that  at  20  mph  at  the  driver's  seat  and  at 
28  mph  in  the  cargo  area,  substantial  reduction  in  noise  is  experienced.  Thus, 
the  effect  of  suspected  resonators  in  the  compartment  on  the  noise  created  at 
the  sprocket  is  selective  in  the  compartment. 

Elimination  of  these  suspected  resonant  elements  would  probably  correct 
the  situation,  shown  in  Table  2.  For  this  purpose,  it  is  suggested  that 
potential  resonant  elements  in  the  hull  and  compartment  be  examined  to  determine 
frequency  level  and  intensity  of  noise  and  vibration  and  compare  this  with  the 
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noise  modification  obtained  by  the  use  of  the  impact  absorption  sprockets. 

Fig.  26  demonstrates  the  influence  of  the  impact  absorption  sprocket  in 
the  cargo  area  at  28  mph  which  represents  the  worst  conditions  in  noise  re¬ 
ported  in  the  test  report  of  10  December  19^3 . 

At  about  100  cps,  with  the  standard  sprocket,  the  noise  produced  exceeds 
the  threshold  of  discomfort  (120  phons),  as  shown  by  Curve  S.  The  Curve  I 
for  the  impact  absorption  sprocket  in  the  A  and  the  lower  B  -  region  (below 
200  cps)  is  substantially  below  that  of  the  standard  sprocket  -  in  the  average 
reduced  by  about  80  tones. 

Beyond  200  cps,  no  appreciable  reduction  could  be  observed  but  above 
1000  cps  a  slight  reduction  in  loudness  takes  place. 

Fig.  26  shows  the  recommended  limits  for  noise  in  accordance  with  the 
standard  of  the  HEL-APG  report  (curves  8j,  B2  and  C).  Since  at  28  mph  a  deep 
strong  sound  was  experienced  which  was  perceived  as  a  pure  tone  the  limits 
designated  by  Bj  apply. 

The  loudness  exceeds  the  permissible  ("Bj")  limits  by: 

TABLE  3 
(See  Fig.  27) 


at  75 

cps 

by 

2.0  times 

100 

cps 

by 

2.8 

200 

cps 

by 

3.0 

400 

cps 

by 

3.7 

800 

cps 

by 

4.3 

1000 

cps 

by 

2.9 

2400 

cps 

by 

2.8 

6000 

cps 

by 

1.7 

5 


That  means  the  excess  is  increasing  (up  to  800  cps)  with  the  3rd  root  of 
the  frequency  and  decreasing  with  the  square  root  between  800  and  6000  cps,  in 
the  average  by  3  times. 

The  gap  of  loudness  units  between  the  permissible  sound  limits  for  wheeled 
and  those  for  tracked  vehicles  as  determined  by  the  standards  of  the  A MG -Human 
Engineering  Laboratory  (See  Fig.  26)  arouses  questions  about  the  safe  limits 
of  exposure  to  noise  and  vibrations  in  the  Ml  13;  therefore,  it  should  be  deter¬ 
mined  just  what  is  a  "safe11  sound  level.  The  envi r onmen  tal  living  conditions 
in  modern  cities,  act  unfavorably  upon  the  perception  ability  of  the  population, 
in  particular,  upon  higher  frequencies  which  are  essential  for  the  distinction 
of  the  hiss-sounds  c,  s,  f,  etc.  This  decrease  in  perception  is  due  to  the 
effect  of  noise  which  causes  strong  mechanical  and  biochemical  stress  on  the 
hair  cells,  the  basilar  membrane  of  the  cochlea  and  Corti's  rods  in  the  inner 
ear.  These  parts  degenerate  under  stress  and  reduced  hearing  and  understanding 
is  the  result.  To  afiat  extent  the  civilization  process  affects  the  perception 
of  sounds  was  recently  investigated  by  a  tear::  of  US,  German  and  Egyptian  otologists 
(2).  The  result  cf  a  comparison  with  the  hearing  ability  of  an  African  tribe 
remote  to  these  blessings  of  civilization  is  sho-n  in  fig.  28.  In  this  graph  the 
difference  in  decrease  of  perception  ability  for  the  reported  frequency  levels  is 
shown  versus  age  of  tl.  ■:  more  than  WtCO  test  persons.  ;ut  it  affects  civilized 
populations  to  a  f..r  cater  extent  than  the  African  tribe. 

The  degenerative  process  in  the  inner  car  due  to  aging  -.filch  starts  as  early 
os  20  years  of  w.--,  effects  all  soldiers,  high  noise  level  in  the  1:113  will 
accelerate  this  process  fur  those  exposed  to  vehicle  noise  for  long  periods.  Re¬ 
duction  of  n  -.isos  :rs  exposure  is  ret  jo., end  d  in  t-...  interest  of  the  crew. 
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G.  I.'.'r  LU'NCI  CF  LCC.MIO’.'  OF  Sr.GCKTT  C'.l  C"  "/‘.TIG!!  .L  FTUAl/ICUR  OF  TRACK 


Sprocket  in  Front 

The  acceleration  of  the  track  shoes  in  th n  stressed  upper  band  plus  the 
portion  wrapped  around  the  idler  is  accomplished  by  the  top  tooth  of  the  sprocket. 
The  other  teeth  serve  to  decelerate  the  portion  of  the  track  wrapped  around  the 
sprocket  from  double  vehicle  speed  to  zero  on  the  ground.  The  engagement  of 
every  track  shoe  accelerated  from  ground  zero  creates  an  impulse  in  half  the  mass 
of  the  track  (stressed  band  plus  portion  around  the  idler). 

The  resonance  speed  of  the  belt  in  accordance  with  Leonov^  is: 

rr  m 

r“  1 »  r  (;> 

where  m  is  the  mass  of  the  unit  length  of  the  belt 

T  is  the  tension 
and  n  is  an  integer  . 

Considering  the  tension  and  the  centrifugal  forces,  the  reduction  of  the 
track  mass  m  would  result  in  an  increase  of  the  resonance  speed  of  the  track 
inverse  to  the  square  root  of  the  moving  track  mass.  Increase  of  the  tension 
will  result  in  increase  of  the  resonance  speed  with  the  square  root  of  the  total 
tens! on. 

This  equation  is  similar  to  the  propagation  speed  vtb  of  the  transverse 
vibrations  in  the  track,  as  determined  by  the  tension  T  of  the  immobile  band. 

The  propagation  speed  v  ^  is: 


Sprocket  in  Rear 


The  acceleration  of  the  track  portion  wrapped  around  the  sprocket  is 
accomplished  by  the  sprocket  teeth  in  engagement.  The  upper  track  band  running 
at  constant  double  vehicle  speed  has  no  basic  acceleration  requirements.  The 
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tension  is  therefore  smaller  than  in  the  af oromenti oned  case. 

That  means  that  the  resonance  speed  of  the  track  will  be  decreased  by  th® 
square  root  of  the  ratio  of  the  track  tensions  including  the  centrifugal  forces 
which  remain  unchanged.  Resonance  and  non-resonance  vibrations  act  upon  the 
track. 

There  are  various  opinions  about  the  origin  and  influence  of  track  vibra- 

3  5 

tions  on  the  performance:  M.  K.  Christie  assumed  an  adverse  influence  on  vehicle 
speed  of  track  pulsations  originated  by  inadequate  positioning  of  the  idler,  and 
to  some  extent  by  the  sprocket  and  rear  road  wheel.  Ye  D.  L'vuv  concluded  that 
there  is  an  increased  pulling  force  caused  by  track  pulsation  when  the  track 
tension  falls  below  a  certain  limit.  P.  Nagy  investigated  the  rate  of  the  vibra¬ 
tion  of  the  upper  track  band  with  a  rear  sprocket.  He  Concluded  that  in  the  event 
of  a  standing  wave  there  is  a  substantial  increase  in  the  dynamic  load  which  tends 
to  increase  the  loss  in  a  track  system.  He  insists  on  the  importance  of  elim¬ 
ination  or  reduction  of  the  standing  wave. 

It  is  recommended  that  the  natural  frequency  of  the  Ml  13  track  be  established 
by  computation  and  test  as  well  as  on  the  test  rig  for  comparison  purposes.  Past 
test  results  of  Leonov  show  that  the  maximum  amplitude  of  the  standing  wave  is 
obtained  In  the  first  resonance  mode  at  a  relatively  low  vehicle  speed.  This 
supports  the  recorrmendati  on  to  investigate  the  track  behavior  by  increments  of 
2  mph,  with  an  additional  test  run  when  a  resonance  falls  between  two  test  points 
in  order  to  establish  precise  data  for  the  natural  frequency  of  the  track. 
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H.  COMPARISON  WITH  NOISE  IN  AIRPLAfIL  PILOT  COKPALTMtMTS 


A  survey  of  noise  levels  in  mi  1  i  tnr  >  airplanes  was  made  by  Harvard 
University  (A;.  Tiie  order  of  magni  tude  and  trend  versus  airplane  speed  are 
shown  in  Fig.  23,  The  noise  shows  a  tendency  to  increase  with  the  0.4  power 
of  the  airplane  speed  V  or 


0.4 

i  -  constant 


The  constant  is,  therefore,  defined  by 

i 

Constant  -  '  'U/tT 


(4) 


These  values  aro  shown  versus  airplane  speed  in  Fig.  29.  The  speed  range  is 
too  narrow  to  permit  an  unmistakable  direction.  There  is  a  slight  increase 
below  140  mplv,  n  similar  phenomenon  is  experienced  in  the  Ml  13  with  regard  to 
vehicle  speed.  A  plotting  of  the  test  results  versus  vehicle  speed  simitar  to 
that  in  Fig.  29  is  shown  in  Fig.  30  for  both  types  of  sprockets  with  sound  pick¬ 
up  near  the  left  sprocket  for  *06  and  6800  cps. 

The  trend  is  similar  to  that  of  the  airplanes  (Fig.  30)  but  exhibits  a 
variation  of  the  exponents.  The  magnitude  of  the  frequency  and  type  of  sprocket 
makes  a  mathematical  model  wore  complex;  the  level,  however,  is  the  same  as  in 
the  airplanes. 
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TABLE  4 


Cata  of  the  Military  Airplanes  #1  and  U2 


AIRPLANE  | 

#1 

tn 

Cruising  conditions 

Normal 

Normal 

Engine 

speed 

rpm 

2100 

2000 

Horsepower  per  engine 

715 

625 

M.  P. 

21" 

32" 

Propeller  tip  velocity 

ft/s 

615 

735 

Speed 

mph 

220 

135 

Altitud 

e 

ft 

11000 

8000 

i  max  foi  37.5  cps 

db 

m 

105 

i  for  4000  cps 

db 

99 

59 

Remarks 

. 

The  excessive  high 

Treatment  in 

sound  levels  are 

this  planeia 

be  1  ieved  to  be  due 

excel  lent. 

to  the  use  of 

ejector  exhausts. 

Reference:  L.  I  .  Beranek  and  al.:  Principles  of  Sound  Control  in 
Airplanes.  Report  OSRD,  Nr.  1 5^*3 


Fig.  31  gives  a  comparison  of  the  decibel  reading  in  the  pilot  cr'oin  >f 
a  fighter  airplane  with  excessive  noise  level  (airplane  b 1  of  Tabb  4)  and  thi 
crew  compartment  and  driver's  seat  of  the  Ml  13  at  23  mph  and  30  mph  respectiv.  y. 
It  is  shown  that  the  noise  intensity  of  the  Ml  13  compartment  up  to  about  IOQO  ;>s 
is  higher  by  7  to  10  db  in  the  average.  Only  at  frequencies  higher  thar.  2000  :>s 
does  the  noise  level  In  the  M I 13  drop  below  the  level  of  the  elrplene  cabin. 
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Applying  experience  gathered  in  the  aeoustl-  treatment  of  airplanes, 
it  is  suggested  in  view  of  probable  usefulness,  that  the  fundamental  resonances 
of  the  engine  and  tracks  be  investigated  in  order  to  locate  their  main  harmonics 
in  the  octave  bands.  An  analysis  of  track  fundamental  resonance  is  tried  in 
Chapter  K,  In  applying  it  to  the  1,113  vehicle  it  might  be  useful  to  divide  the 
octave  bands  into  the  following  regions: 

A  30  to  75  cps 

B  75  to  600  cps 

C  600  to  6800  cps 

(See  Figs.  11  and  following) 

Seventy-five  (75)  cps  is  approximately  in  the  middle  between  53  and  1 0 6  cps 
on  the  frequency  line  in  Fig.  11;  so  is  600  cps  in  the  middle  between  1+25  and 
850  ops.  This  simplifies  the  determination  of  the  various  regions  A,  8  and  C. 

It  Is  interesting  to  note  that  comparing  regions  and  sound  level  of  air¬ 
plane  #1  and  that  of  the  Ml  13  vehicle  equipped  with  standard  sprockets,  the 
sound  Intensity  i  has  the  same  trend  in  region  B  but  is  about  8  decibels 
(equivalent  56  sones)  higher  than  the  leval  in  the  pilot  cabin.  In  the  regions 
A  and  C,  the  noise  levels  In  both  crafts  approach  each  other.  This  similarity 
In  the  noise  intensity,  in  the  pilot  or  driver  compartment,  suggests  an  appli¬ 
cation  of  aircraft  acoustic  experience  to  the  military  ground  vehicle. 

in  the  airplane  pilot  cabin  the  increase  in  sound  intensity  level  i  with 
the  Increase  of  horsepower,  can  be  computed  from  the  reported  test  results  as 
fol 1 ows : 

i  =  (9<*  to  97.5)  +  6.02  log  N  db 

where  N  Is  the  engine  horsepower.  Doubling  the  horsepower  input  from  500  to 
1000  hp  would,  therefore,  result  in  an  increase  from: 
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=  (94  to  97.5)  +  16.3  db  =  110.3  to  113.8  db 

to  1  =  (94  to  97.5)  ♦  18.06  db  =  112  to  115.5  db 

The  difference  Is  1.76  db.  Three  db  would  mean  the  effect  of  two  sound  sources 
equal  In  Intensity. 

The  equivalent  Increase  in  loudness  t  would  be: 

from  i  -  166  to  198  s  ones 
to  -b  ~  1 8 1  to  215  sones 

that  Is  by  15  sones  at  the  lower  limit  and  by  17  sones  at  the  higher  limit. 
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I.  INFLUENCE  OF  DIMENSIONS  OF  THE  COMPARTMENT  ON  FREQUENCY  LEVEL 

It  waft  learned  from  the  efforts  to  reduce  the  noise  level  in  airplane 
4) 

pilots  compartments  ,  that  standing  waves  will  be  built  up  which  i.'ili  cause 
large  variations  of  sound  level  from  one  part  to  the  other  in  the  cabin,  if 
it*  dimensions  come  close  to  approximately  half  of  the  wave  length  or  multipl 

thereof. 

The  following  variations  were  observed  in  the  compartment  of  airplane  V 2 
whose  noise  spectrum  is  shown  in  Table  5  as  a  very  excellent  result  of  treat¬ 
ment  for  noise  reduction: 


TABLE  5 

Variation  of  Noise  Level  with  Location  in  Pilot  Compartment 


Frequency 

i  NOISE  INTENSITY  IN  0ECI3EL 

[)  i f  fertner*  * 

cps 

Min. 

Near  Center 

Max. 

Near  './all 

cib 

4-75 

101 

113 

12 

75-150 

100 

112 

12 

1200-2400 

70 

DO 

■JO 

13 

Since  a  variation  of  12  decibel  ir.  noise  intensity  r, leans  a  factor  of  2. 
in  loudness,  it  can  be  concluded  that  in  the.  low  frequency  region  the  loucn-.s 
in  the  pi 'ot  compartment  is  twice  as  high  near  the  vail  as  i V  is  near  the 
center.  In  the  1200  to  2400  frequency  range  the  differmee  is  even  greater. 


Z’i 


J*  i^ll:;i:ce  cr  coim::;  prigt:  c-v  iz'jzi 

Our i investigation  of  die  n-iisc  spectrum  ir.  airplane  pilot  compar imtnts. 


it 

■j.13  fourd 

t!i-:  L 

i n  the 

frequency 

pattern  th 

, ere  i 

s  an  arbitral* 

y  division  of 

the 

frequii'.c 

t  l>  :nd 

into  3  rej i ons ; 

*■»,  and 

C,  wh 

ic.n  opened  a 

way  to  locate 

and 

id( ntf  f" 

‘.ci  y 

source 

of  noise 

in  these  cr 

:•  f  t  s . 

It  was  found  opportune  to  have  the  following  ranges; 

A  from  37-5  to  75  cps 
il  from  75  to  60C  cps 
C  from  600  to  4800  cps 

The  sound  intensity  in  region  A  is  caused  by  the  propeller  fundamental 
component  (propeller  tip  passage  frequency  to  75  cps)  and  the  propeller 
second  harmonic  component  (80  to  15C  cps).  Th-  propeller  tip  velocity  is  a 
function  of  the  engine  horsepower. 

The  sour.d  intensity  in  region  0  is  caused  by  the  engine  exhai  the  higher 
harmonics  of  the  propellers  and  the  aerodynamic  and  turbulence  noises  are  due 
to  the  propellers  and  the  wind  stream.  However,  it  is  difficult  to  predict  the 
order  of  importance  of  the  above  mentioned  causes  in  the  composition  of  the 
noi se. 

The  sound  levels  in  region  C  result  mostly  from  aerodynamic  and  turbulence 
noise.  Measurements  of  sound  levels  in  octave  bands  showed  that  adding  acoustic 
materials  in  airplanes  was  many  times  more  effective  in  reducing  high  rather  than 
low  frequency  sounds.  This  leads  to  the  conclusion  that  reduction  of  noise  in 
the  more  disturbing  low  frequency  bands  in  the  Ml  13  should  first  be  attempted  and 
the  actual  cause  of  noise  in  region  A  investigated.  This  is  far  better  than 
trying  to  reduce  noise  by  acoustic  treatment  which  would  affect  more  of  the  high 
frequencies  of  region  B  and  C. 
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VIBRATIONAL  BEHAVIOR  OF  .“.113 


The  Units  of  acceleration  levels  for  wheeled  vehicles  in  accordance  with 
the  APG  Manual  of  Standard  Practice  for  Human  Factors  in  Military  Vehicle 
Design**)  are  shown  in  Fig.  33  versus  frequency.  They  rise  from  C.I4  "C 1  for 
1  cp  to  0.28  "G11  for  20  cps.  The  levels  shown  in  Table  6  of  Attachment  I! 3  of 
the  FMC  test  results  range  from  0.4  to  2.29  "G's"  without  reference  to  the  lev<;l 
of  frequency.  They  are  substantially  higher  than  the  manual's  rec onmendat i oris . 


TABLE  6 


Average  Vibration  Load 

MS‘;  for 

Vehicle 

Speed  r.ip 

‘l 

15 

20 

25 

30 

Standard  sprocket 

Vertical 

1.56 

1.22 

2.05 

2.29 

Longitudinal 

0.51 

0.53 

0.50 

0.50 

Transverse 

-0.92 

0.60 

0.39 

1.33 

Impact  Sprocket 

Vertical 

1.0 

1.03 

1.7 

2.73 

Longitudinal 

0.5 

0.4 

c  • 

0.7  5 

Transverse 

0.65 

c .  65 

0 . 0 

’..3 

The  level  of  vibration  loads  ("G's"  in  vertical  direction)  of  the  ,11, 
cannot  be  evaluated  due  to  lack  of  indication  of  the  relevant  frequency  1"vol . 
2  "G's"  might  be  acceptable  for  1  cp  but  might  be  intolerable  for  higher 
frequencies.  It  results,  however,  from  the  Tabic  on  pace  1  of  Attachment 
(Table  7)  that  the  level  of  vibrati  on  loads  in  1  orv,  i  rue  i..a  I  and  tran:  vers  • 
directions  is  too  high  with  reference  to  the  level  of  \er.lcni  vi.  rati  or.  loud:. 
Compare  levels  of  HI  13  vibration  with  the  levels  rcc -.need  _y  "  ,^/r  5.  e 
Chapter  P). 


TA8LE  7 


Average  Vibration  Load 
i  n  /I 

■i  -•  n>> ph 

Indicative  Relative 

Jack l i n*)  Comfort 

Index  K  in  Percent 

15 

20 

mm 

30 

Di sturbi ng 

Uncomfortable 

Standard  Sprocket 

Vert ica 1 

100 

100 

100 

100 

100 

100 

Long i tudi no  1 

33 

43 

24 

22 

13 

18 

T  ransver se 

59 

49 

43 

60 

7.5 

13 

K  average 

121 

M9 

1  1 1 

1  18 

101 

102 

Ver  t i ca 1 

100 

100 

100 

100 

100 

100 

Long i tud i no  1 

50 

32 

28 

13 

18 

T  ransver se 

65 

60 

47 

47 

7.5 

13 

average 

129 

1 22 

M5 

1  14 

Id 

102 

")$ee  Chapter  0 

Comparison  of  the  MM3  d  i  st  r  i  bu  t  i  on  of  vibration  load  levels, with  regard  to 
orientation  with  the  distributions  of  the  relevant  comfort  indices  of  JacHin, 
shows  that  the  shares  of  longitudinal,  and  in  particular  of  the  transverse  origin, 
are  excessive  in  comparison  with  the  vertical  share. 

Jacklin  and  Liddel  ^  suggested  an  overall  index  when  all  three  directions 
are  involved  in  accordance  with 


Assuming  that  the  vertical  shares  be  of  the  same  level  for  all  cases,  then 

K  would  be  as  shown  in  Table  1CL  : 
c 
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TA3l  7  a 


Relative 

level  of  In 

percent  ] 

Vehicle  Speed 
mph 

Jack  1 i n- Index 
c  distribution 

Spr ockets 

15 

20 

m 

30 

_ 

r.  isturb- 
i 

LVicom- 
f  :>r  tab  1  e 

Standard 

121 

1 

101 

102 

Impact 

Absorpti on 

129 

101 

102 

In  Fig.  33  the  trend  of  the  average  vibration  loads  versus  vehicle  speed 
Is  shown  for  the  three  directions  of  vibrations,  Vertical  and  transverse 
vibrations  increase  with  the  square  of  the  speed,  while  the  longitudinal  in¬ 
crease  with  the  power  1.5  or  are  constant. 

This  behavior  is  only  approximated  if  considered  separately  for  either 

side: 

On  the  left  side,  the  vibration  loads  increase  with  the  cube  for  the 
transverse  vibration  loads  of  either  sprocket  with  an  obvious  reduction  for 
the  impact  absorption  sprocket  (Fig.  34).  The  vertical  vibration  load  for  the 
standard  sprocket  increases  with  the  cube  and  for  the  impact  absorption  sprocket 
with  the  power  1.75. 

it  is  interesting  that  the  impact  absorption  sprocket  creates  longitudinal 
vibration  loads,  also  increasing  with  the  cube  of  the  speed  which  result  from 
the  impulse  energy  stored  in  the  rubber  inserts  w/hich  add  to  propulsion. 

The  influence  of  the  speed  upon  the  three  specific  vibration  loads  on  the 
right  side  is  apparently  lower.  (Fig.  35)  If  the  measured  values  are  based  on 
the  computed  values  as  shown  by  the  trend  lines  in  Fig,  33  to  35,  these  ratios 
disclose  in  Fig.  36  a  very  good  coincidence  for  the  vehicle  speed  range  from 
20  mph  and  above:  on  the.  other  hand,  they  diverge  greatly  from  the  unity  (I) 
at  15  mph  showing,  thereby,  existence  of  a  strong  resonance  in  th» ne i ghborhood 
of  15  mph , 
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L .  IHFLL'EHCL'  OF  THE  TOACK  PITCH  Of!  V13kATIGk 

The  reduction  of  the  vibrations  by  deer ei.si.i_,  the  pitch  of  the  track  shoes 
is  in  accordance  wit.,  the  influence  of  the  c'i  inif.kcj  inertial  reactions  against 
rotation  of  the  track  shoes  as  follows; 

A  track  shoe  has  (under  <.ssur.pt  i  on  f  flat  truck)  a  velocity  of  zero  on 
the  ground  at  the  moment  of  trie  appro rc  .  -if  the  ld’.-.-r  i,i  the  case  of  a  front 
sprocket.  It  is  acce  lor. .tad  i:„  double  Uv-  vehicle  speed  it  the  top  position  of 
the  idler  within  half  a  revolution.  In  a  reversed  position,  however,  the  shoe 
made  half  o  rotation.  The  same  holds  true  at  the  sprocket,  only  acceleration  is 
replaced  by  deceleration.  The  rotation  of  the  shoi  starts  and  ends  suddenly, 
resulting  therefore,  in  two  shocks  whisk  ore  caused  by  th-  abruptness  of  accel¬ 
eration,  and  deceleration  of  the  truck  shoes  at  every  engagement  and  disengagement . 

The  full  cycle  of  acceleration  and  deceleration  and  deceleration  takes  placee 
within  the  time  frame  of  half  a  revolution  of  idler  or  sprocket  respectively. 

This  is  within 


t\  c 


-  f'-'X  .  3600 

TT“  32 ku .  V  in  seconds  (5) 


where 

for 

ard 


and 


r  is  the  idler  (or  sprocket)  radius  respectively  in  inch 

V  the  vehicle  speed  in  rnph 

r  =  l/2  x  19.62  in.  =  9.91  of  the  sprocket 

V  -  30  mph 

3600  =  0.059  seconds 


The  time  frame  At  -  9.8)  jr _ 

12  5280  ,  30 

The  peripherial  velocity  of  the  Sprocket  for  30  mph: 

V  =  30.-  p.80..  =  44  ft/s 

SP  3600 


and  the  track  speed  therefore 


'tr 


=  ?  V 


max 


sp 


30  ft/s 
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Hor.ce,  the  acceleration 


a 


a 


83 

0.059 


1490  ft/s2 


or 


46  %'s" 


For  the  rated  speed  of  37  mph,  the  peripheral  sprocket  speed  is 

Vsp  =  54.2  ft/s 

and  the  track  speed 


Vtr  =  2  x  54.2  =  108.4  ft/s 


Tha  relavant  time  for  half  a  revolution  of  the  sprocket  is 


4  t  =  ,9-62  .  3600 

12x2  5280  x  37 


0.047  seconds 


and  the  deceleration  of  the  shoes  on  the  sprockets  is 

a  =  10 ft; ^  =  2300  ft/s^  or 

o7W7 

=  71  "G's" 

The  diameter  of  the  idler  is  17.4  in.  Thus,  the  acceleration  of  the  track 
shoes  wer  the  idler  is  1680  ft/s2  or  52  "G's"  for  30  mph  and  2600  ft/s2  or  30 
"G's"  for  the  rated  speed  of  37  mph.  These  are  considerable  values. 

The  acceleration  is  applied  suddenly  to  the  track  shoes  on  the  idler  by 
the  top  tooth  of  the  sprocket  transmitted  through  the  moving  track  band  to  the 
track  portion  wrapped  around  the  idler.  It  can  be  easily  understood  that  thesa 
jerkingly  originated  track  shoe  movements  will  cause  a  reaction  in  track,  idler 
and  sprocket.  Over  and  above  this  acceleration,  the  track  shoe  makes  half  a 
rotation  from  zero  to  top  track  speed  involving  inertial  forces  and  a  rotational 
acceleration.  Since  the  sprocket  or  idler  moves  in  space,  there  is  also  a 
Cor i ol is-accelerat i on  involved  which  adds  to  the  acceleration  problem. 

The  uplift  of  sprocket  and  idler  in  the  M 1 1 3  affects  little  the  basic 
relationship  as  analyzed  for  flat  tracks  by  John  Eilers  (See  Attachment  till). 
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Since  there  Is  a  difference  In  the  length  end  mass  of  the  tracks  at  the 
left  and  right  side,  a  difference  in  their  behavior  has  to  be  expected.  At 
certain  vehicle  speeds,  resonance  can  result  with  repercussion  on  performance, 
vibration,  noise,  stress,  wear  and  endurance. 

The  flexible  idler  is  intended  to  help  investigation  of  the  fundamental 
aspect  of  track  movements  to  guide  design  improvements. 

Since  the  track  shoes  wrap  around  Idler  and  sprocket  in  a  polygonal 
manner  with  per  iodic  radial  displacement  of  the  end-connectors  v/hich  form  the 
f'exible  corners,  a  periodic  variation  in  track  tension  is  caused  which  adds 
to  the  previously  analyzed  phenomena. 

It  is  proposed  to  adapt  the  idler  rim  on  an  intermediate  system  of  plates 
elastically  interconnected.  This  will  neutralize  the  fluctuations  of  tensions 
in  the  tracks  and  of  the  rotational  inertial  forces  created  by  the  changes  in 
acceleration  of  the  shoes  (See  Fi:;.  !). 


30 


M.  pOSSIBt,E  ORIGINS  OF  VIBRATION 


The  theory  of  tracked  vehicles  provides  a  formula  for  the  tension  of  the 
immobile  t-nck  as  foltows(  LEONOV  : 

T  s  =  Z2  |k  (6) 

where  T  is  the  tension  of  the  immobile  track 
s  is  the  sag 

G  is  the  weight  of  the  track  per  unit  length 
L  is  the  track  pitch 
Z  is  the  number  of  links 
(All  dimensions  in  kg,  m,  sec). 

Equation  provides  a  means  to  determine  the  dynamic  tension  and  its 
variation  by  establishment  of  the  dynamic  displacement  (dynamic  sag)  of  the 
track.  The  variation  of  the  dynamic  tension  creates  a  periodically  variable 
load  of  the  sprocket  shafts  and  idler  axles  (which  ere  In  essence  canti  lever 
beams) .  The  fluctuations  of  the  loads  with  consideration  of  the  clearances  of 
the  joints  can  enter  into  the  hull  in  the  form  of i  mpu  I  se s  creating  hull  vibrations. 

Unusr  the  varying  dynamic  loads  the  shafts  and  axles  are  exposed  to  slight 
deformations  which  might  result  into  lateral  movements  of  the  tracks  and, 
therefore,  lateral  impulses  (transverse  vibrations). 

A  source  of  longitudinal  vibrations  of  the  track  is  seen  >' n  the  periodic 
engagement  of  the  trackshoes  on  the  sprockets  and  idler  wheels.  This  results 
in  a  relevant  variation  of  track  tension  superposed  on  other  active  dynamic 
phenomenons  in  the  track. 
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Another  source  of  v'brations  of  the  track  Is  the  conditions  of  the 
ground,  geometrical  nature,  (holes,  bumps,  v/ashboard,  etc)  hardness,  etc. 
The  inherent  natural  frequency  u(  the  track  is  activated  to  resonance  condi 
under  certain  'tod'. s  of  vehicle  speed  or  possibly  engine  speed. 

Natural  frequency  of  other  components  of  the  vehicle  can  exist. 


ins 


ri .  iRhnovEioi:  Viokriiuns 
•n 

S»  I.  Leonov  '  investigated  behaviour  of  belts  in  vie*  of  transverse 
vibrations.  He  defined  the  speed  at  which  vibrations  take  place  by  the  follow¬ 
ing  equations 

v  =  n  •  vtb  (7) 

where  n  is  an  integer  or  a  proper  fraction  with  one  in  the  numerator  and 


yr 


is  the  velocity  of  propagation  of  the  transverse  vibration  in  the  track. 

T  -  is  the  tension  of  the  immobile  band 
m  -  is  the  mass  of  the  belt  of  the  unit  length 
It  was  established  that  vibrations  occured  when  the  velocity  of  propagation  in 
the  belt  was  a  multiple  of  the  band  speed. 

It  was  suggested  that  the  centrifugal  forces  be  considered  for  computation 


of  the  resonance  speed  as  follows: 


T  +  m  v. 

iJ 


where  vw  =  the  propagation  velocity  of  the  wave 
=  the  speed  of  belt  motion 

For  resonance  conditions  v  is  a  multiple  of  the  belt  speed  thus 


T  +  m  v  2 

res 


n‘  -1 


For  a  track,  the  tension  could  be  calculated  from  the  theory  of  tracked 


vehicles  as  follows: 


,20  L 

“8-  '  I 


where  z  is  the  number  of  track  links 


G  is  the  weight  of  the  track  per  unit  length 
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L  is  the  pitch  of  the  track 
s  is  the  sag  of  the  track 
(all  units  in  the  metric  system:  kg,  m,  sec) 

For  comparison  purpose  the  following  data  and  results  of  the  track  , test 

rig  are  given: 

sag  of  track  s  =  0.03  ia 
tension  T  -  121.2  kg 

4 

mass  of  unit  »SL 

length  of  track  ra  =  5 

for  n  -  2  the  computed  speed  vres  =  2134  m/sec  -  10.2  IcmAt  • 

The  experimental  resonance  speed  was  V  =  10  km/h  . 

At  V  =  10  kmAi  the  average  pull  on  the  working  band  of  the  track  was  about 
800  kg  while  the  track  expending  forces  in  the  upper  free  track  band  was  in¬ 
creased  up  to  (1300  to  2400)  kg  (225  to  300. «). 

This  illustrates  that  vibrations  in  the  track  can  create  substantial 
dynamic  loads  with  impeding  effect  on  the  operation  of  the  vehicle. 

It  is  recormtended  to  investigate  the  cxistance  and  amplitude  of  track 
vibration  (and  eventually  resonance  conditions)  on  the  Ml  13  vehicle  by  taking 
motion  pictures  simultaneously  on  the  right  and  left  side  of  the  vehicle  against 
?  light  (white)  background  on  the  hull,  at  at  least  two  significant  vehicle 
speeds. 

Formula  (1C)  may  give  some  indication  for  expected  resonance  speed  ranges. 
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0.  VIBRATION  TEST  OF  K113  VEHICLE  EQUIPPED  .'ITU  STANDARD  OR  I, -'PACT 

A  BS  OR  Pf 1 6N  S  PfRg Kgg 

In  Attachment  #3,  the  test  results  of  vibration  measurements,  dated 
December  10,  1963,  versus  vehicle  speed  are  shown  for  the  standard  and  the 
Impact  absorption  sprockets. 

Tests  were  performed  to  investigate  the  effect  on  crew  members  during 
relatively  high-amplitude  low-frequency  vertical  vibrations.  The  influence 
on  decrement  of  performance  in  various  tasks  was  to  be  established. 

As  a  basis  of  evaluation,  the  test  results  of  Sternick  and  al.,^^ 

(8)  (9) 

Janeway4  and  Snyder  can  be  used.  In  the  following  the  results  obtained 
by  Snyder  on  five  subjects  are  shown  in  Fig.  38. 

The  uneveness  in  the  experimental  curves  is  attributed  to  existing 
differences  between  different  subjects  in  their  tracking  efficiency  during 
vibration. 

For  evaluation  of  the  meaning  of  the  various  operational  curves  the 
following  definitions  may  be  useful  ‘ 

1.  Threshold  of  perception:  By  intense  concentration  and  with 
prior  knowledge  of  the  coming  vibration,  the  vibration  was  perceived  by  the 
pi  lot. 

2.  Definitely  or  easily  [Perceptible:  This  level  is  the  minimum 
vibration  which  cannot  escape  attention  during  performance  of  normal  in¬ 
flight  duties.  No  interference  with  duties  occurs. 

3  =  Irritating  or  annoying;  The  vibration  has  sufficient  intensity 
to  divert  attention  from  operational  duties  or  tasks  which  are  beginning  to 
be  impaired.  Fatigue  would  be  experienced  in  case  of  prolonged  exposure 
(over  1  hour).  With  increased  concentration,  normal  crew  duties  would  be 
little  impaired. 

^Abstract  from  Instructions  to  test  subjects  Reference  7)  p.  43 


2S. 


X 


4.  raxfmum  Tolerable  for  continuous  operation:  Vital  duties  not 
requiring  fine  adjustments  could  still  be  performed.  Safety  of  flight  could 
be  maintained  for  limited  time  (up  to  15  min.).  Typical  bombing  navigation 
equipment  (for  comparison)  would  probably  be  non-operable  at  this  condition. 

5.  Intolerable:  Inability  to  perform  even  very  gross  functional 
airplane  controls.  The  conditions  must  be  limited  to  1  or  2  min  of  flight 
without  danger.  High  alarm  feeling  when  experienced  during  flight. 

The  range  recommended  by  R.  H.  Janeway  for  comfort  limits  (curve  A-B-C-D) 
is  recorded  in  Fig.  39*  It  coincides  approximately  with  the  test  curve 
characterised  by:  •'Definitely  or  easily  perceptible11  which  excludes  sub¬ 
stantial  interference  with  operational  duties  and  with  the  attention  of  the 
pilot.  It  whould  be  noted  that  the  range  of  Janeway*s  recommendation  extends 
to  50  cps, that  is  into  the  1 owest  .frequency  of  the  M113  tests  of  sound  in¬ 
tensity. 

Although  these  experiments  were  obtained  with  pilots  in  airplanes  during 
flight,  they  can  be  used  for  comparative  judgement  for  military  vehicle  re¬ 
quirements,  until  more  specific  experience  with  these  vehicles  is  available. 

It  is  suggested  to  examine  the  level  of  vibration  amplitudes  in  regions  A  and 
V  in  future  vehicle  tests  in  view  of  the  comfort  limits  of  Janeway.  Military 
vehicles  may  not  require  the  smoothness  of  passenger  cars.  The  limits  may 
therefore  He  closer  to  the  curve  -  "Irritating  and  Annoying"  in  Fig.  39. 


F .  LIMITS  OF  CuMFOnT  Of  5  InuSOIOAl  v  i  Bka"i  i  uns 

9) 

The  experimental  curves  of  comfort  level  of  Snyder  can  be  approximated 
within  the  limits  from  3  to  30  cps  by  the  following  relationships  for  the 
amplitude  A  of  the  vibrations: 


1.  Threshold  of  perception 


0.37  .  .. 

fT. 25  in  G  5 


2.  Definitely  or  easily  perceptible 


3.  Irritating  or  annoying 

A  = 

2.25 

i 

4.  Maximum  tolerable  for  continuous  operation 

A  .  b*. 

f !  .35 

5.  Intolerable 


Jacklin  and  Udell  recommended  tr.e  following  equation  of  subjective 


sensations  relative  to  vibrations: 


K  -  ae 


0,6. f 


Where 


a  a  ~  is  the  max l.num  value  of  acceleration 

f  -  frequency  (cps) 

K  -  comfort  index 

e  -  the  basis  of  natural  logarithms 

The  following  characteristic  levels  of  K  at  different  vibration  conditions 


were  given: 
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TABLE  9 


'  Oft  IEi'.’TATI  Of! 

CO,' '.FORT  LEVEL 

COMFORT  INDEX 

K  1 

K 

77 

/o 

i 

Vertica  1 

Lnc  ornf  ortable 

64.7 

100 

100 

Long i tudina 1 

Uncomf ortable 

11.73 

18 

18 

Transverse 

Uncomf or  table 

3.21 

12.7 

12.7 

Vert  lea  1 

0  is turbine 

mm 

49 

100 

L orr  i tudina 1 

D  i  sturbing 

6.2 

12.8 

Transver se 

Cpsturb  Iny 

mm 

3.5 

7.5 

Based  on  these  values,  the  Unit  acceleration  for  comfort  should  be 
determined  by 

,  =  K _ 

0.6  x  f  (17a) 

e 

Table  9  shows  that  the  tolerance  for  longitudinal  vibration  is  only  18% 
of  the  amount  of  the  vertical,  and  for  the  transverse  only  12.7%  it*  tbs 
uncomfortable  range.  The  reduction  is  even  greater  in  the  disturbing  range: 

12  .8%  of  the  vertical  tolerance  for  the  longitudinal  and  7.5%  for  the  transverse. 

In  Fig.  40,  Snyder's  curves  of  specific  comfort  for  vertical  vibrations 
and  Janewoy ' s  recormendat i on  are  reported  on  a  straight  graph  which  shows  that 
with  increasing  frequency  the  permissible  amplitudes  decrease  beyond  about 
8  cps  very  quickly  to  low  amounts;  it  does  not  take  an  appreciable  increase  to 
reach  the  irritation  condition. 

If  these  values  are  brought  into  relationship  with  the  Jacklin  distribution 
of  comfort  indices  for  vertical,  longitudinal  and  transverse  vibration, it  be¬ 
comes  apparent  that  the  tolerable  amplitudes  for  transverse  and  1 ongitudinal 
vibrations  are  considerably  below  the  experienced  values  in  the  Ml  13. 
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THE  MOTION  OK  A  TRACK  SHOE 
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JOHN  A.  EIDERS 
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ECONOMIC  ENGINEERING  STUDY  BRANCH 
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RESEARCH  AND  ENGINEERING  DIRECTORATE 
U.  S.  ARMY  TANK  AUTOMOTIVE  CENTER 


SYMBOLS 


S  (vector)  In a t cutaneous  position  of  track  shoe 

V  (vector)  Instantaneous  velocity  of  track  sho^ 

A  (vector)  Instantaneous  acceleration  of  track  shoe 

At  (vector)  Instantaneous  acceleration  of  track  shoe  in  the  direction 

tangential  to  the  curve  of  motion 

K  (vector)  Instantaneous  acceleration  of  track  shoe  in  the  direction 
perpendicular  to  the  curve  of  motion 

•  # 

Base  coordinate  vectors 
71  &PM  of  idler 


Angle  of  rotation  of  idler 
~t  Time  elapsed  (minutes) 
tf  (vector)  Forward  velocity  of  vehicle 

Y"*  Radius  of  idler 
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THE  HOTICri  OF  A  TRACK  SHOE 

With  the  ground  as  reference,  «  track  shoe  follows  a  cycloidal  curve  when 
passing  over  the  Idler  or  sprocket  (Fig.  1).  The  equation  of  a  cycloid  1st 

S  -  T  C<P  -  sin  <fc)\  +■  T  C I  —  cos  0)f 

Each  track  shoe  will  follow  this  curve.  The  velocity  and  acceleration  of 
the  shoe  are: 

V  =  J§"E  =  +-Cscn<fi)j]  |f 

I  V  I  =  r  V 2O-COS0)’ 

A  =  f* '  jt  =r[C*in*)(  +  (■«»<»>)  j]  (If)1 
!A|=r(|f)J 
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is  the  RrH  of 


From  Figure  1,  (^-ZTCTl'i 


Ji  .  JU  .  . .  -  —V) 

l  ««i4«dz»|  micic  ft. 


the  idler  and 


Ls  the  time  in  minutes.  Thereforet 


jf=  2.7ETI 

The  acceleration  A  t0  be  decomposed 

into  tangential  and  radial  components  (  ^A  y 
and  A  q  ) « 

Ar|  -  |a|gos^  =  4K*Tfr  co<=>%; 

|  Ar  |  -  |  Ai  51-nf  =47c*nV  5in| 

Substituting  for  and  ,  the 

St 

equations  become t 


FIGURE.  U 


|  Ar  |  =  A-Tt*  T? T  cos  Crcn  i ) 

|  Ar|  88  47£xTVtTs-i)a  Cjcni') 

jvj  =  Z  TTTIT  V%[\  -  Co  5  Ct-rcni  )] 


Dimensionless  graphs  of  these  functions  are  shown  in  Figure  III. 

Note  that  with  a  front-driving  sprocket,  all  the  teeth  which  contact  the 
track  (except  the  first  one)  are  decelerating  the  track  CO  £6iC  VcioC  it}'.  Only 
the  first  tooth  at  the  top  <f  the  sprocket  13  available  to  transfer  energy  to  the 
track  and  accelerate  it  over  the  rear  idler.  In  other  words,  til  the  energy  which 
propels  the  vehicle  forward  is  transferred  to  the  tracks  by  one  tooth  on  each 
sprocket.  Although  this  analysis  conrerns  a  flat  track  (idler  and  sprocket  on  the 
ground),  the  same  principles  are  used  with  any  type  of  track  and  the  same 
conclusions  apply.  fSa&  Figure  \r. 
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Vibration  Loads  Versus  Vehicle  Speed  of 
th*  Ml  13  Armored  Infantry  Carrier  Equipped 
with  Standard  or  with  Impact  Absorption 
Sprockets 


Test  Results  dated  10  December  1963 
By  R.  FASANO 


avBOa'uw  eoouc  an  ni  uaji  on  vs  iavijo 


I  OX  IOOOO  100  100C 

IRtOUtNCl  IN  CYCLES  PER  r  ECONO  FREQUENCY  IN  CYCLES  PER  SECOND 


•{•‘-’-•t*4 . 


-a 


(JVSOiOi*  ho  10  1*  80  1-1  1IMI  UNvd  I'Vj  lO 

&3AI&Q  &V3/V 


§  i  t  « 

avicxMw  raooo  ja  ar:  ni  hat.  unvh  »■,»,  m 

l^MOOUdS  ydV3H 


'  §“ 

•si  -a 


25  MPH 


#vt»oa )iv<  ttftuo  sc  'if  n  omv«  sufi.o 


i  § 

i  e 


avaoajiv,  ;aj  <a  an  ni  hah  on-**)  iavixi 


J  3  37 


cfp^Qtjfv.  -  v  CYCLES  HR  SECOND  FREQUENCY  IN  CYClES  PER  56CONO 


3VHOH3IW  inoo 0  )8  DO  Ml  UaJ'  ON*9  )av;j<) 


&3A!»KJ  2 iV^Sfi 


»Y90«>W  £000 0  18  90  Ni  i SAJI  fJNV*  JAViJJO 


J .&»J0hdS  v&)V3 N 

-i  ml 


HdM  OS 


ATYACHMENT  #4 


SOUND  AND  VIBRATION  UNITS 

SUMMARY 

Units  of  the  different  sound  and  vibration  phenomena  used  In  the 
Memorandum  Report  on  Noise  and  Vibration  In  the  HI  1 3 *  Armored  Infentry 
Carrier  equipped  with  Impact  absorption  sprockets,  are  dlscuited  and  de¬ 
fined  as  based  on  the  explanations,  definitions  end  properties  compiled 
from  the  references! 

1.  L.  J.  Fogeli  Biotechnology,  Concepts  and  Applications, 
Prentice-Hall,  1963. 

2.  L.  L,  Beranek  and  al.i  Principles  of  Sound  Control  In  Air¬ 
planes  Cruft  Laboratory,  Harvord  University,  I-.44. 

3.  J.  M.  Bowiher  and  0.  W.  Roblnsooi  Calculation  of  Zwlcker  Phons 
on  a  Digital  Computer 

Nature,  Vol.  200,  Nr.  4906,  9  November  1963,  pp.  553  to  555. 
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Compiled  byi  Dr.  F,  JekHtsch 


CONTE N 


TERMS  UNIT 

1.  Intent  1 ty  of  Sound  decibel 

Signal  Intensity 

Intensity  Level 
Sensation  Level 

2.  Standard  Reference  Level  dyne/cra^ 

3.  Loudness  Level  phon 

4.  Loudness  tonc 

5.  Pitch  of  Sound  we! 

6.  Precision  of  Perception  jnd 

7.  Vibration  Intensity  pel,  trem 
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INTENSITY  OF  SOQNO  (decibel  db) 

TSeniatTon  level , 
signal  Intensity, 

Intans Ity  1«v«1) 

Sound  intonsfty  (a  expressed  In  decibels.  The  decibel  Is  e  logarithmic 

unit  based  an  the  ratio  between  two  values  of  power  or  two  values  of  energy! 

The  difference  In  decibels  between  two  values  of  energy  E|  and  E2  is 

1  “  10  log,0  £l_ 

E2 

Thus,  the  difference  in  decibels  between  two  sound  Intensities  1^  end 

i2  Is 

1  *  10  ,p3l0  !l 
*2 

Inasmuch  as  the  intensity  is  proportional  to  the  square  of  the  sound 

pressure  p  or  to  the  square  of  the  particle  velocity  vt 

i  x  10  log,0  i,  -  10  log{o  .  10  ,r,g^  y 

P  2  7~2 

2  2 


i  «  20  logJ0  ^ 

P2 


20  lo3,0 


The  pressure  p  and  particle  velocity  v  are  measured  at  the  same  points  or 
at  points  where  the  eccousticai  conditions  are  similar. 

The  sound  Intensity  in  e  given  direction  et  a  point  is  defined  as  the  rate 
of  flow  of  sound  energy  through  a  unit  area  perpendiculer  to  the  given  direction 
et  the  point. 

2  2 

Sound  intensity  is  measured  In  watt/cm  or  in  dyne/cm  .  The  human  ear 

responds  to  a  wide  range  of  intensitie  .  The  maximum  tolerable  intensity  is 
12 

10  time  as  great  as  the  least  audible  intensity.  The  decibel  scale  compresses 

12 

this  very  wide  range  of  10  in  intensity  to  a  scale  length  of  120  db. 
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mt  if  a  » uufvd  «i  (J«f{riw  id  «  pr^p^riy  and,  thui| 


subject  to  objective  measurements. 


STANDARD  REFERENCE  LEVEL 

Since  the  decibel  scale  expresses  only  how  much  greeter  one  sound 
intensity  is  then  another,  it  is  advisable  to  adopt  a  certain  standard  inten¬ 
sity  as  a  reference  level  so  that  all  sound  Intensities  can  be  expressed  in 
terms  of  decibels  above  or  below  the  standard. 

The  standard  reference  level  as  established  by  the  American  Standard 
Association  (ASA)  1st 

2 

0.0C02  dyne/cm 

and  it  corresponds  roughly  to  the  minimum  audible  intensity  at  1000  cycles  per 
second  or  HERTZ,  This  reference  level  corresponds  approximately  to  an  energy 
transmission  of  10  watt/cm  for  the  case  of  a  freely  traveling  plane  sound 
wave  In  air. 

for  a  temperature  of  80°F  (26.7°C)  and  a  barometer  pressure  of  7**  era  Hg 
(lkg/cm  „  10m  of  water,  or  14.22  psi)  this  relation  is  exactly  true, 

PRECISION  OF  PERCEPTION 

The  auditory  perception  is  most  sensitive  to  changes  in  the  signal  in¬ 
tensity  over  the  frequency  range  between  500  end  10,000  cps. 


LOUOffl-SS  LEVEL  L  (Phons) 


The  property  of  e  sound  most  Important  for  noice  reduction  work  Is  Its 
loudness  level,  or  the  strength  of  the  sensation  In  the  human  eer. 

The  strength  of  sensation  Is  found  to  depend  In  a  rather  complex  manner 
upon  the  frequency  and  Intensity  level  of  the  sound.  A  plot  of  curve.',  f o'¬ 
Sound  s  appearing  equrlly  loud  provides  the  system  of  curvet  shown  In  Figure  t. 

All  points  on  a  given  curve  represent  sounds  which  appear  tv  of  equal  loud¬ 
ness  lovel  to  the  average  human  ear. 

Thus*  a  sound  at  the  frequency  f  and  the  Intensity  1  has  the  louonest  level 
L  as  fol lows i 

fori  f  “  80  cps  and  1  =»  60  dbi  L  *  JO  phons 

f  “9000  cps  and  1  *  40  db:  L  *•  30  phons 

f  « 1000  cps  and  1  »  30  dbi  L  *  30  phons 

hence,  they  are  of  equal  loudness  level  l. 

The  '(oudneis  level  L  of  i  sound  Is  defined  ss  the  Intensity  level  <  In  db 
of  an  aquclly  loud  tone  of  1000  cps.  The  numbers  on  the  curves  of  Fig,  I  tre 
the  loudrfess  levels  In  phons  as  defined  by  the  ASA, 

L  ■  0  phons  represents  the  threshold  of  hearing,  provided  the  threshold 
Is  measured  In  terms  of  the  minimum  audible  prtssure  at  the  ear  drum. 

The  highest  curve  (120  phons)  represents  the  threshold  of  discomfort  at 
vrfilch  the  sound  sensation  is  accompanied  by  a  sensation  of  annoyance  or  vibration 
In  the  ear.  The  threshold  of  pain  {3  experienced  at  approximately  1  ^*0  db. 

The  phenomenon  of  hearing  Is  based  on  three  different  ways  of  conduction: 

!.  the  aero-tympanic 

2,  the  cranlo-tympanlc 

3.  the  osseous  conduction 


Probably  there  exists  a  distinction  of  sensitivity  for  frequencies. 

The  sonic  range  reaches  from  about  16  to  20000  cps  for  the  "average" 
human  ear.  In  this  range  the  sound  is  mostly  related  to  a  certain  pitch. 

The  subsonic  region  comprises  the  range  below  16  cps,  the  ultrasonic 
extends  beyond  20000  cps.  Sounds  In  these  regions  may  still  be  perceived  but 
without  a  definite  pitch  (see  "Pitch  of  Sound")  (fig.  2). 

The  phon  Is  not  a  convenient  unit  for  general  use,  since  we  need  a  team 
of  "NORMAL"  observers  to  make  any  measurements.  So  over  the  years,  several 
people  have  tried  to  find  ways  of  calculating  phont  from  the  sound's  physical 
characteristics.  The  methods  are  « I i  based  on  manipulating  the  data  obtained 
from  a  spectrum  analysts  *;id  allowing  for  the  different  response  of  the  ear  to 
sounds  of  different  pitches. 

The  most  sophisticated  method  is  that  derived  by  0.  i".  Zwlcker *  ^  In  195 9, 
which  takes  Into  account  the  phenomenon  known  as  masking. 


,}K.  E.  ZVICKERt  FREQUENZ  (13),  1959  p.  234  and  foil. 
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LOUDNESS  I  ( sones) 


The  loudness-level  contours  (i.e.  curves  fr.  Fig.  1)  and  the  sound  level  meter 
readings  indicate  in  terms  of  level  and  fraoueney  what  tones  will  sound  equally 
loud.  However ,  they  do  not  furnish  us  with  a  scale  for  measuring  loudness, 
which  Is  that  subjective  quality  of  a  sound  which  determines  the  magnitude  of 
the  auditory  sensation  produced  by  the  sound. 

Loudness  is  e  subjective,  or  psychological  attribute  of  a  sound,  whereas 
loudness  level  is  partly  physical  partly  psychological,  and  intensity  level 
is  purely  a  physical  quantity.  Sound  level  which  is  the  reeding  teken  on  a  sound 
level  meter,  is  epproximetely  equivalent  to  loudness  level  if  a  proper  weighing 
network  is  used. 

The  loudness  level  contours  makes  possible  to  determine  whet  sounds  will 
appear  equally  loud  to  the  ear,  but  they  do  not  indicate  what  sound  will  appear 
twice  as  loud  or  half  as  loud  or  100  times  as  loud  as  a  given  sound.  For  this 
type  of  information  we  refer  to  curves  of  loudness  versus  intensity  level  which 
are  *hown  in  Fig.  3. 

Loudness  is  expressed  in  "sones"  (units  of  perceived  loudness),  which  ere 
indicated  on  the  coordinate  scale.  These  numbers  are  proportional  to  the  loudness 
of  a  sound  as  heard  by  the  "Normal"  human  ear. 

For  example,  we  see  from  the  curve  that  a  1000  cps  tone  of  kO  db  intensity 
has  a  loudness  of  1  sone,  and  a  tone  of  98  db  Intensity  has  a  Icudness  of  80  sones. 
From  this  we  know  that  the  second  tone  sounds  80  times  as  loud  as  the  first. 

In  the  frequency  range  from  1000  to  8000  cps,  a  change  of  12  db  is  required 
to  change  the  loudness  by  a  factor  of  2.  For  instance,  in  order  to  change  the 
loudness  from  150  sones  to  75  sones  the  intensity  level  must  be  changed  from  110 
to  98  db,  r or  0  reduction  in  loudness  of  10%  the  intensity  level  must  be  reduced 
by  about  1.2  db. 
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Loudne ;  s  Is  tbs  subject  I V6  judg^n^rst  of  tb£  Intensity  cf  the  perceived 

sound  stimulus.  This  judgement  can  be  achieved  over  an  extreme  wide  range  of 

physical  sound  Intensities.  The  normal  ear  responds  above  2ero  db  as  shown  In 

2 

Fig.  2  which  corresponds  to  0.0002  dynes/cm  .  The  auditory  channel  can  respond 
to  sound  pressure  levels  which  produces  a  force  as  small  as  three  millionth  of  a 
gram. 

At  the  other  extreme  It  Is  sensed: 

Discomfort  at  about  120  db  (threshold  of  discomfort) 

Feeling  at  about  130  db  (threshold  of  annoyance  or  disturbance) 

Pain  Is  Induced  at  about  140  db  (threshold  of  pain) 

The  usable  sound  Intensities  extend  over  a  range  ->f  several  million  times 
the  smallest  pressure. 

It  Is  often  necessary  to  estimate  the  relative  Intensity  of  sounds.  In  such 
a  case,  it  Is  appropriate  to  use  the  sone  scale  wherein  one  (1)  sone  Is  taken  to 
be  the  perceived  loudness  of  a  1000  cps  pure  tone  40  db  above  auditory  threshold. 
if  a  given  sound  is  Judged  to  be  twice  as  loud  as  the  reference.  It  is  called  a 
two  sone  sound. 

To  ease  the  conversion  from  physical  sound  measurements  (sound  Intensity 
In  db)  to  physiological  sensation  (perceived  loudness  In  sones)  a  conversion  table 
was  provided  (Table  1).  Comparison  in  loudness  gives  a  more  realistic  judgement 
of  the  noise  behaviour  of  a  vehicle  than  compared  decibels. 

The  reason  that  sound  Intensity  which  is  a  logarithmic  energy  reading  does 
not  give  an  Immediately  usable  gauge  for  the  judgement  of  auditory  problems  can 
be  explained  by  Fig.  4  whose  curves  were  deducted  from  Fig.  3. 
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TABLE 


PITCH  OF  SOUND  (rae!) 


Pitch  fa  a  tf ngle- valued  subjective  sunwary  of  the  sensed  spectral 
properties  of  the  sound- stimulus.  The  listener  describes  e  sound  as  being 
"high"  or  ''lew". 

Generally,  the  pitch  of  a  note  roughly  corresponds  to  the  frequency  of 
the  predominant  sinusoidal  Components  which  might  be  used  to  synthesize  the 
pressure  amplitude  waveform.  Pitch  can  run  the  gamut  of  sensed  sound 
frequencies  from  about  20  to  an  upper  limit  of  about  16000  to  20000  cycles  per 
second,  dependent  on  the  listener.  As  the  spectrsl  property  of  a  sound-signal 
Is  made  more  diffuse  over  a  band  of  frequencies,  It  becomes  note  difficult  for 
the  listener  to  distinguish  pitch.  He  hears  the  note  clearly  but  Is  unable  to 
offer  e  singular  representation  for  the  spec^rumt 

Some  sounds,  such  as  WHITE  SOUND  {equal  amplitude  components  over  a  wide 
frequency  range}  and  a  very  short  sinusoid  (where  there  is  insufficient  time  to 
establish  a  spectral  Identity)  can  have  no  pi tch  at  all. 

Sounds  as  low  as  5  cps  (subsonic )(Fig.  2)  or  as  high  as  100000  cps 
(ultrasonic)  have  been  heard  due  to  the  nonlinearity  of  the  auditory  channel 
which  serves  to  convert  portions  of  the  impinging  sound  energy  into  frequencies 
within  the  normal  auditory  range.  The  reported  cases  are  without  specific 
sensations  of  pitch. 

Pitch  appears  as  a  two-dimensional  attribute! 

1.  Pitch  proper 

2.  Intensity  of  pitch  sensation  measured  by  the  ease  of  the*  listener 

to  distinguish  It. 

Timbre,  brightness,  fullness,  etc.  are  other  spectra  1 -dependent  perception 
attributes  (but  of  secondary  importance). 
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The  perceived  pitch  of  s  sound  it  related  to  other  aspect*  of  the  physical 
stiasilus.  Pitch  It  towered  by  an  Increase  >n  intensity  of  pure  tones  in  the 
range  below  500  cps*  That  is  tow  notes  appear  lower  wher.  they  an  stronger. 

In  a  similar  manner  $  high  tones,  above  4000  cps  appear  higher  upon  in¬ 
crease  of  the  stimulus  intensity. 

The  octeve  (the  range  between  tones  which  are  related  by  a  frequency 
factor  of  two  (2)j  is  the  common  unit  of  measure  in  music.  Pitch,  however,  is 
nonl inear ly  ralated  to  frequency  in  such  a  way  that  octaves  towards  the  ends  of 
the  musical  scale  appear  to  be  of  shorter  range  than  octaves  in  the  middle  range. 

To  overcoam  this  di*f ir.ulty,  a  scale  has  been  developed  using  the  unit  of 
mal .  Hal  is  defined  as  the  unit  of  equet  pitch  as  judged  by  an  average  listener. 

Arbitrary  reference  has  been  established  as  a  1000  cps  sinusoidal  tone 
stimulus  heard  at  40  db  above  the  threshold  of  audition.  This  is  said  to 
correspond  to  the  1000  ami  point.  Pitch  of  a  given  signal  might  be  judged  to 
be  one-half  that  of  the  reference  in  which  case  it  would  be  described  as  being 
500  awls. 
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PRECISION  OF  PERCEPTION  (Jnd) 


The  precision  of  perception  con  be  stated  In  terns  of  the  slate  of  the 
"just-notlceble  difference"  (jnd)  thet  minimum  amount  of  change  In  the  stimulus 
which  will  be  detected  with  a  probability  of  (50%). 

The  frequency  jnd  is  smaller  for  tones  toward  the  low  end  of  the  frequency 
spectrum,  the  actual  amount  being  dependent  upon  the  sensation  level.  Below 
20  db  sensation  level,  the  average  human  looses  his  ability  to  perceive  change 
In  frequency.  Above  that  Intensity  level  a  frequency  difference  of  three  (3) 
cps  Is  significant  for  tones  below  1000  cps.  Above  that  frequency  the  jnd  Is 
approximately  three-tenth  of  one  percent  (0.3%)  of  the  tones  frequency. 

In  the  loudness  range  below  20  db,  the  detectable  difference  is  from  2  to 
6  db  dependent  on  frequency  of  the  sound,  while  In  the  range  above  20  db  1/2  to 
1  db  ia  sufficient.  At  extraawly  high  frequencies  a  Isrger  Increment  Is  required 
to  assure  detection  of  the  change. 
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VIBRATION  INTENSITY  (pal) 

The  Weber -Feehner  Law  states  that  a  sensation  is  proportional  to  the 
logarithm  of  the  stimulus  intensity.  This  statement  serves  as  a  basis  for  the 
establ ishment  of  a  gauge  of  vibration  intensity  as  follows: 

The  standard  vibration  intensity  unit  "pal"  is  defined  by 

pal  =  10  log  (j) 


This  is  similar  to  the  definition  of  the  sound  intensity  "decibel" 
decibel  »  10  log  =  10  log  (2) 

e2  i2 

which  is  the  logarithm  of  energy  or  Intensity  ratios. 

It  means  In  equation  (1)t 

The  runs  velocity  V  of  simple  harmonic  motion  (SHM)t 
V  a  2  TT  f  A 

“T T- 

with  f  -  frequency  in  cycles  per  second  (cps) 

A  -  amplitude  of  vibration  fr.  inches 

Wi  th  t  ..  . 

B  0.0125  in/sec 

as  a  threshold  velocity,  the  following  steps  of  subjective  levels  of  sensation 
are  expressed  by  pal; 

TABLE  2 


Vibrati on 

Sensation 

Intensity 

P«1 

just  detectable 

to  5 

quite  perceptible 

5  to  10 

troublesome 

10  to  20 

unpleasant 

20  to 

!5 


Ten  Cate*'  defines  enother  vibration  unit  "tram": 


The  "trsm"  is  s  frequency  sensitive  scale.  This  kind  of  scale  comperes  eesiiy 
with  Jenewey's  curves  throughout  his  frequency  renge. 


Reference:  W.  TEN  CATE:  "Vibration  Nuisance",  Royal  Aircraft  Establishment 
Greet  Britain  (AD  159-701)  October  1957,  Library  Translation  by  R.  C.  Murray 
#693  from  Institute  TNO  V00R  WERKTUIG  KINDIGE  CONSTRUCTIES ,  Report  0147, 

May  1953 
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